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We performed noise measurements to obtain the quality factor (Q) and frequency shift of gold
coated microcantilevers before and after surface modification using focused ion beam. As a result
of our studies, it is demonstrated that surface engineering offers a promising method to control and
increase the Q factor up to 50% for operation in vacuum. Surface modification could also lead to
deviations from the known QP1 behavior at low vacuum pressures P within the molecular
regime. Finally, at higher pressures within the continuum regime, where Q is less sensitive to
surface changes, a power scaling Q Pc with c  0.3 was found instead of c¼ 0.5. The latter is
explained via a semi-empirical formulation to account for continuum dissipation mechanisms at
significant Reynolds numbers Re 1.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4904191]
I. INTRODUCTION
Gold coated silicon cantilevers with microscale and,
more recently, nanoscale dimensions enable important appli-
cations in scanning probe microscopy and force spectros-
copy. Relentless efforts are underway to shed light on the
limits of submicron range resonators.1–4 Hence, our under-
standing is broadened not only about the nature of the
resonating medium but also of new pathways to obtain more
accurate and wider range of information from electrome-
chanical systems.5,6 The need for higher composition resolu-
tion (minimum detectable mass) and sensitivity (maximum
frequency shift for a given mass change) down to the molec-
ular level is a dominant driving force strongly pushing
towards nanoelectromechanical systems. The general
approach for higher sensitivity is to reduce the inertial mass
of the resonator. This results in extremely high frequencies
up to microwaves,7 while preserving high mechanical
response with high quality (Q) factors, Q 103–105,1,7 active
masses of picograms (1012g),8 ultralow heat capacities
(1018 cal),9 etc., Different sensor geometries and materi-
als were also used in mass sensing technologies.10,11
Despite enormous progress so far, a central theme of
fundamental and applied research in micro/nano-resonators
is the achievement of high Q-factor, which is associated with
energy dissipation. It is defined as the ratio of the stored
energy Estor to the dissipated energy Edis (within an oscilla-
tion cycle) as Q ¼ 2pðEstor=EdisÞ. The larger the value of
Q-factor, the higher the sensitivity of the resonance system is
to external perturbations. The Q-factor determines also the
level of fluctuations that degrades the spectral purity of a res-
onance (linewidth broadening) and determines the minimum
intrinsic power with which the device can operate.7 The total
Q-factor of a resonator can be approximated by the relation
Q1 ¼Pj Q1j where the index j denotes intrinsic and
extrinsic energy loss mechanisms.12
There are several theoretical and experimental studies
that investigated the fundamentals of energy dissipation of
microdevices.13–16 According to the degree of surrounding
gas rarefaction, three main gas pressure regimes (P) are iden-
tified: molecular regime, transition regime, and continuum
regime.17 The rarefaction regimes for high frequency oscilla-
tory flow of MEMS can be better characterized using the
Weissenberg number Wi  xs. x is the radial frequency,
s ¼ l=P ðs  246 lsPa=PÞ is the relaxation time of the
surrounding fluid, l the dynamic viscosity, and the P is the
pressure.18–20 When the xs 1 the Newtonian approach of
the Navier-Stokes approximation is valid in the continuum
regime. Earlier studies elucidated the hydrodynamic loading
by a frequency response model of a cantilever beam
immersed in viscous fluid.21 In the continuum regime, the
interactions between the oscillating surface and the fluid
molecules are characterized by the penetration depth
k ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2l=xqflp (with qfl of the surrounding fluid).13,18,20 The
transition regime, which is defined as the deviation of flow
from the Newtonian, is well approximated with the xs  1.
When xs > 1 the Newtonian approximation is no longer
valid. When the mean free path Lmph ¼ 0:23KBT=Pd2, for a
dilute gas of pressure P assuming the molecules as hard
spheres of diameter d (3:61010 mÞ, is much larger than
the resonator beam width w (w < 0:1L with L the resonator
length), and xs!1 the intermolecular collisions are effec-
tive and this is the molecular regime.18–20
However, so far, experimental studies of the energy dis-
sipation and the frequency response of metal coated microre-
sonators with systematic surface modifications have
remained unexplored. Hence, we study here the influence of
surface modification of gold coated (350 nm thick) micro-
cantilevers, which are widely used in scanning probe tech-
nology. For this purpose, different length microcantilevers
but with similar widths (30 lm) and thicknesses (2 lm)
(see for details Tables I and II) were modified by focused ion
beam (FIB) along different etching directions as it is shown
in Fig. 1. The patterns of the surface modifications were
carefully chosen so that their influence on the Q-factor and
a)Author to whom correspondence should be addressed. Electronic mail:
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resonance frequency fo vs. pressure P could be clearly
observed.
II. THEORY MODELS FOR THE QUALITY FACTOR
In high vacuum (e.g., P < 10 Pa), where the characteris-
tic length w is much greater than the molecular mean free
path, Lmph  w ðxs 1Þ, the energy losses are intrinsic
and the Q (¼ Qint) factor is given by
Qint
1 ¼ QTED1 þ Qclamp1 þ QSurface1; (1)
where QTED, Qclamp, and QSurface denote the quality factors
due to thermoelastic damping, clamping, and surface losses,
respectively.3,4,22,23 The quality factors QTED and Qclamp are
not strongly influenced by surface modifications of small
thickness tmod  t with t the thickness of the cantilever. The
condition tmod  t is satisfied since in our case, as Fig. 1
shows, tmod  60 nm, while (see Table II) the thickness of
the cantilevers is t 2lm yielding thus tmod=t  0:03 ð1Þ.
Energy losses due to clamping occur because of the strain at
the connection area with the support base. For cantilevers
with semi-infinite base or the wavelength of the shear
wave in the beam is much less than the base thickness







Moreover, the QTED due to thermoelastic dissipation (associ-
ated with thermal currents generated by vibratory volume
changes in elastic media with non-zero thermal-expansion















E is the Young’s modulus, aT is the thermal expansion coef-
ficient, Cp is the specific heat at constant pressure, T is the
system temperature, q is the material density of the cantile-
ver, and f ¼ t ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃðxqCPÞ=2jp where j the thermal conductiv-
ity of the cantilever.24 Finally, we consider the surface losses
to originate from a thin surface layer of complex modulus
Esl due to the disruption of the atomic lattice by a thin layer
of surface contamination.4,24 Although this layer does not
influence drastically the energy stored in the cantilever, it
can enhance energy dissipation and QSurface is given by
4
QSurface ¼





with d the thickness of the surface layer and Esl ¼ Im½Es	.4,24
For extrinsic dissipation in medium-vacuum (e.g.,
101Pa < P < 103Pa), we are within the molecular regime









Mef f is the effective resonating mass of the cantilever, and
xo is the angular resonance frequency in vacuum. Stotal;1 is
the corresponding surface area of the resonator, and













A-1 135.6 152.256 6.30 5.8 5526 5554 10.4
A(m)-1 153.257 5.68 5.3 5935 5968 9.6
A-2 127.6 134.528 6.96 5.0 3453 3463 16.6
A(m)-2 135.440 6.31 4.6 4066 4080 14.1
A-3 136 130.499 5.32 3.6 3457 3466 16.6
A(m)-3 132.974 4.70 3.3 4535 4551 12.6
B-1 95.1 326.214 5.09 21.5 5003 5053 11.4
B(m)-1 328.150 4.96 21.2 5152 5205 11.1
B-2 87.3 269.203 3.96 11.4 4006 4032 14.3
B(m)-2 271.570 4.07 11.9 3552 3573 16.1
B-3 95.6 272.049 3.98 11.7 3499 3519 16.4
B-3(m) 278.708 3.73 11.5 4948 4989 11.5
a(m) denotes modified cantilever.
TABLE II. Properties of non-modified and modified microcantilevers.
Typea w (lm) t (lm) fvacuum (kHz) C
b keff
c (N/m) Dm=m (%)
A-1 30.9 2.2 152.694 0.33 5.8 —
A(m)-1 153.707 0.34 5.9 1.33
A-2 31 2.0 134.943 0.30 4.0 —
A(m)-2 135.848 0.33 4.0 1.34
A-3 31.4 2.0 130.924 0.35 4.0 —
A(m)-3 132.407 0.33 4.2 3.79
B-1 30.7 2.2 326.956 0.35 18.6 —
B(m)-1 328.945 0.34 18.8 1.21
B-2 31.4 1.8 270.040 0.33 10.1 —
B(m)-2 272.281 0.34 10.2 1.66
B-3 31 2.0 272.753 0.35 12.1 —
B(m)-3 278.482 0.34 12.7 4.93
a(m) denotes modified cantilever.
bThe scaling exponent “c” in the continuum regime.
FIG. 1. Types of gold cantilever surface modification. (a) AFM image of
type-(1) gold surface modification, RMS (30 nm), qrms 0.7361; (b) AFM
image of type-(2) gold surface modification, RMS 21.4 nm, qrms 0.721;
(c) AFM image of type-(3) gold surface modification, RMS 26.5 nm,
qrms 0.589; SEM image of A with surface modification (d) type-(1); (e)
type-(2); (f) type-(3); (h) SEM image of gold coated cantilevers of different
lengths before surface modification (130 and 90lm) denoted as A and
B, respectively, similar widths (30lm.), and (g) thickness’s (2 lm).
Insets of (a)–(c) show the height profile of the modified surfaces.
224303-2 Ergincan, Kooi, and Palasantzas J. Appl. Phys. 116, 224303 (2014)
t ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃkBT=mrp is the thermal velocity of impinging mole-
cules of mass mr at absolute temperature T. In the molecular
regime the quality factor scales with gas pressure P as
Q / 1=P,7,18,19 while it changes to Q / 1=P0:5 in the contin-
uum regime (see, e.g., Fig. 2).25
With further increment of the pressure the surrounding
gas acts as a viscous fluid (xs  1). The microcantilevers,
having a plate-like shape immersed in fluid can be dominated
by dissipation due to: acoustic radiation, squeeze-film, and
viscous losses. Squeeze film loss can be significant when
there is a narrow gap between a vibrating and a stationary
element,26,27 which is not relevant in our case. In any case,






KðReÞ ¼ aRe0:7 is a dimensionless hydrodynamic function
(a is a constant coefficient specific for each type of cantile-
ver), Re ¼ ðqw2x0Þ=4l is the Reynolds number, kd is the
dynamic spring constant, and q ¼ PMm=RT is the density of
the ideal gas with R the gas constant and Mm the gas molar
mass, and xR is the resonance frequency at the measured
pressure.30 STotal;2 is the surface area of the cantilever associ-
ated with the QFluid in the dense regime.
III. EXPERIMENTAL PROCEDURE
Noise measurements were performed (see supplemen-
tary material for a typical noise spectrum in Fig. 1S)31–34 to
determine the Q-factor as a function of vacuum pressure P
for as received and surface modified cantilevers as it is
shown in Figs. 1, 2, and 4. The experiments were conducted
for cantilevers with two different lengths, denoted as A and
B (Fig. 1(h)). They were modified using FIB in various
etching directions: x and y are the coordinate notations of
the cantilever’s surface plane (Fig. 1(h)). Etching in the
y-direction (along the length of the cantilever, Fig. 1(d)) is
denoted as (1), etching in the x-direction (along the width of
the cantilever, Fig. 1(e)) is denoted as (2), and etching at
630 angles with respect to the y-direction, Fig. 1(f)), is
denoted as (3). All grooves are ﬃ2 lm apart from each other,
while the etching depth is ﬃ60 nm (insets of Figs.
1(a)–1(c)). In addition, the dimensions of each cantilever
were confirmed using a scanning electron microscope (SEM:
Figs. 1(d)–1(f)). This is important for the comparison of the
effective surface area STotal;ið¼1;2Þ, obtained from the fittings
of the Q vs. P data in different pressure regimes (correspond-
ing to different dissipating mechanisms) with the geometric
value STotal. The latter is obtained using AFM morphology











with qrms the average local surface slope.
IV. RESULTS AND DISCUSSION
From the Q vs. P plots in Fig. 2, the free molecular
(saturated) regime yields Qint allowing thus calculation of
QSurface (after subtraction of QTED and Qclamp obtained via
Eqs. (2) and (3)) via Eq. (4). Indeed, calculations of Q vs. P
are shown in Fig. 2 for different values of dEsl.Subsequently,
using the value of dEsl that matches the Q-factor data, the
product dEsl is estimated via Eq. (4) to have an average value
dEsl  14MPa 
m for the unmodified cantilevers (cantilevers
A and B in Table I). The latter implies that Esl is significantly
smaller than the Young modulus E (130–180GPa for Si)
of the resonating medium. Moreover, multi-directional sur-
face modification for this regime allows the investigation of
FIG. 2. Q-factor vs. pressure P for cantilever types A and B with dimensions given in Figs. 1(a) and 1(b) The corresponding surface modifications (1, 3) are
illustrated in the insets (a) and (b). The index “m” denotes the modified cantilevers as shown in Fig. 1. (a) and (b) The fits shown by the red and the green
dashed lines in the molecular regime illustrate the Q  1=P scaling of Eq. (5), respectively, for A and B unmodified cantilevers. The solid black lines are the
calculated Q1 (¼Qint1þQMol1) with dEsl¼ 0, 2, and 7. The increase in the surface related energy dissipation is shown with the blue arrows. (a) and (b)
The fits shown by the red and the green solid lines in the molecular regime illustrate the Q  1=P scaling of Eq. (5), respectively, for A and B modified cantile-
vers. The small red arrows depict the increase in the Qint after the surface modification. (a) and (b) Fits in the continuum regime (illustrated with the gradient
gray background): red and green fit lines depicts the Q  1=P0:5 scaling.
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the influence of anisotropic surface structures and also possi-
ble residual stress release that is built within the metal coat-
ing of the cantilevers.
Furthermore, it is important to analyze our results
according to gas rarefaction. Hence, we start with some im-
portant outcomes of the intrinsic dissipation regime
(P  10 Pa) where Q  Qint. The calculation of the removed
mass during surface modification, both using the simple
assumption of the frequency shift due to mass change
Dm  2mðDf=fÞ (Dm is the mass removed, and m is the total
mass) and the calculations by geometrical means, show that
for type-(1) and type-(2) surface modifications the amount
of removed mass was 1:5% of the total mass (see also
Table II). The influence of the removed mass on the Q-factor
for both cantilevers A and B with type-(1) surface modifica-
tion is within the standard 10% measurement error as
depicted in Figs. 2 and 3. We have further analyzed the mass
removal influence on the Q-factor, in the intrinsic regime, by
including a trapezoidal metal coated cantilever (Figs. 4 and
5). We have removed mass from the surface of the device
using the FIB as it is shown in the inset of Fig. 5. The change
in the frequency of the cantilever after mass removal was
corresponding to 2% of the total mass (see Fig. 6).
Nonetheless, the Q-factor vs. P graph in Fig. 5 showed the
same negligible change of the Qint within the standard error
of the measurement similar to the type-(1) and type-(2)
modified cantilevers. However, for type-(3) surface modifi-
cation, even though the removed mass was not larger than
4% of the total mass, the increase in the Q-factor is clearly
observable and it is 50% larger for both A and B cantile-
vers in Fig. 2.
Although previous studies have shown that clamping
losses as the dominant loss mechanism for the intrinsic
regime,32 our Q-factor measurements of samples A and B
with type-(1) and type-(2) surface modifications have not
shown any distinct behavior for the Q-factor due to differen-
ces of the cross section areas of the clamping part. Note that
clamping losses are known to be directly correlated to the
cross-section area of the clamping part.23 Accordingly, if we
assume surface losses as the only cause of energy dissipa-
tion, then the calculated values of the product dEsl (see Table
I) characterizing the QSurface, by subtracting Qclamp and QTED
from the Qint and then using Eq. (4), shows the decrease in
the surface energy.
One might also expect the cause for the increase of Qint
for type-(3) surface modification to be the result of a change
in the physical properties of the cantilevers due to FIB
patterning leading to drastic changes of the structure of the
cantilevers. For this purpose, we compared by the spring
constant measurements before and after surface modifica-
tion. Indeed, keff is a physical property, which depends on
the elastic modulus (E) and the cantilever dimensions.
Calculations of both thermoelastic dissipation12 and clamp-
ing losses23 require knowledge of E of the resonating
FIG. 4. Energy Dissipation vs. pressure P for cantilever types A and B with dimensions given in Figs. 1. (a)–(c) Q1–Qint
1 vs. P plots for cantilever types A
and B with dimensions given in Fig. 1. The blue lines indicate the scaling behavior in the molecular regime with c¼ 1 and in the continuum regime with
c¼ 0.5 (as indicated with arrows in Figs. (a)–(c)). The red lines to illustrate the actual Q  Pc scaling; in the molecular regime c¼ 0.75 (as indicated in Fig.
(c) for Type-3 modification) and the continuum regime c¼ 0.3. (Figs. (a)–(c)).
FIG. 3. Q-factor vs. pressure P for cantilever types A in Fig. 1. The corre-
sponding surface modification (2) is illustrated in the insets. The index ‘‘m’’
denotes the modified cantilevers as shown in Fig. 1. The red fitting lines
illustrate the 1/P scaling behavior in the molecular regime and Q  1=P0:5
scaling behavior in the continuum regime. Blue lines illustrate the Q 
1=P0:3 scaling.
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medium. For this reason besides the Q-factor, an accurate
measurement of the cantilever spring constant keff is essen-
tial for a meaningful calibration of the resonator as a sensor.
In fact, it is possible to acquire by the Thermal tuning
method the value of keff and the resonance frequency
f0ð¼x0=2pÞ with an accuracy down to 10% and 1%,
respectively.33 In fact, as Table I indicates, there is no signif-
icant discrepancy between the keff of the non-modified and
modified cantilevers. Consequently, for the type-(3) surface
modification, the 50% increase of the intrinsic Qint factor
can be related to the relaxation of surface residual stress by
the creation of small micrometer size gold patches or by sur-
face strain induced change in the curvature of the cantilever.
Other possible factors, such as relaxation of defects under
oscillating strain and Gaþ ions induced defect states, are
expected to affect all of the modified cantilevers regardless
of the directionality of the gold surface modification.
Therefore, they can be excluded as possible reasons contrib-
uting to dissipation mechanisms.
In addition, one of the main reasons that also inspired
the patterning of the resonator surfaces with anisotropic
corrugations (grooves) in various plane directions was to
observe possible differences in the scaling behavior of
Q-factor vs. P for both the molecular and continuum regimes
from what is known in the literature (Figs. 4(a)–4(c)).
Indeed, from literature, it is expected the known scaling
behavior, Q  Pc where the scaling exponent c is “1” and
“0.5” for the molecular and the continuum regime, respec-
tively.19,33 The Q  P1 scaling predicted by Eq. (5) is
almost confirmed for both non-modified and modified canti-
levers of type-(1) and type-(2) for both samples A and B
(Figs. 4(a) and 4(b)). As a matter of fact no change is
observed from the known scaling characteristics of type-(1)
and type-(2) surface modifications in any of the gas rarefac-
tion regimes (see Figs. 2(a) and 4(a)). For the type-(3) sur-
face modification some slight variation of the scaling
behavior was observed for the modified cantilevers (Fig.
4(c)). The average energy dissipated by considering the shear
stress on cantilever surface is evidently altered by the
increased number of patch edges on the surface leading to
increased energy dissipation (Q  P0:75, Fig. 4(c)).
As it can be observed in Figs. 4(a)–4(c), the transition to
the continuum regime is not sensitive to surface structure
modifications, and the Q-factor values of the modified canti-
lever converge to similar values as the non-modified cantile-
vers. In contrast with the molecular regime, in the continuum
regime, we observed a significant deviation in the scaling
behavior of the Q-factor as a function of pressure from the
P0:5. We have demonstrated this deviation with the linear
fits in Figs. 4(a)–4(c). As it is shown in Figs. 4(a)–4(c) the
scaling follows the behavior with c  0:3 for both modified
and non-modified cantilever surfaces. This scaling behavior
has also been reported in Refs. 19 and 30, and it can be
explained as follows. The power law behavior of the dimen-
sionless hydrodynamic function (KðReÞ) in Eq. (6) was
explained by Sader et al.30 by considering the asymptotic
limits of the Reynolds number (Re): For Re 1 the hydro-
dynamic function scales as KðReÞ  Re1, while for
Re 1 it scales as KðReÞ  Re0:5.30 Thus, an intermediate
power-law dependence during the measurement is possible
since for our system we have significant Reynolds numbers
(Re  1). Moreover, for ideal surrounding gas, we obtain the
scaling behavior KðReÞ  Re0:7,30 which after substitution













From Eq. (8), it is evident the scaling behavior Q  P0:3
observed experimentally during our measurements.
Moreover, it is also possible to calculate Q-factor for any
cantilever with similar plane surfaces by simple spring con-
stant measurement33 with the assumption of hydrodynamic
FIG. 6. Frequency vs. P of the modified and non-modified cantilevers to
indicate the measured frequency shift Df 2.7 kHz due to mass removal
upon modification.
FIG. 5. Q-factor and Frequency vs. pressure P for a phase change material
(PCM: Ge7Sb93) coated cantilever before and after surface modification.
Q-factor vs. P of 50 nm PCM coated cantilever before (black squares) and
after FIB milling (green squares) as depicted in the SEM image in the inset
(the FIB milled part of the cantilever surface is dark colored and the remain-
ing part is falsely colored in green). The red and the blue solid fitting lines
show the negligible difference of the Q-factor in the intrinsic regime
between the modified and non-modified cantilevers.
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loading being the dominant loss mechanism in the contin-
uum regime and using Eq. (8).30,34
Finally, we have to stress that besides the enhanced
hydrodynamic damping in the continuum regime, the resona-
tors undergo also changes in their effective mass due to mass
loading resulting in significant frequency shifts. The scaling
QP0.5 was also observed in Ref. 25 and it was explained
as a result of mass loading. Here, however, despite the dras-
tic alterations of the surface structure, the change in surface
area was less than 1% of the total surface area. The latter
could be the reason why we did not observe a measurable
difference neither in the Q-factors (Figs. 2(a) and 2(b)) nor
in the frequency shifts due to viscous loading between the
modified and non-modified resonators. The surface area val-
ues calculated from the fittings of Eq. (5) and (6) are compa-
rable to the geometric area values STotal as it can be seen in
Table III, while deviations for some values of STotal;1 appear
to occur. This can be partly understood from the fact that the
effective resonating surface area can differ from the geomet-
ric one, but further investigations are still necessary to under-
stand the precise nature of these deviations.
V. CONCLUSIONS
We have demonstrated a different approach to quality
factor engineering by patterning the metal coating of com-
mercially available microcantilevers. Our work shows that
surface engineering gives promising results, as the intrinsic
quality factors could be increased even up to 50% depending
surface patterning during vacuum operations. In the molecu-
lar regime, the quality factor decays with increasing pressure
P as Q  1/P, while some deviations from this scaling might
take place depending on the surface modification. However,
in the continuum regime, comparing modified and non-
modified cantilevers, the Q-factors become less sensitive to
surface modifications. In the continuum regime, a semi-
empirical formulation for Q-factor with scaling c  0.3
instead of c¼ 0.5 was given to explain also the obtained
scaling exponents from the measured Q data vs. P. Finally,
the obtained surface areas of the cantilevers indicate that the
effective resonating surface area can differ from the geomet-
ric one, but further studies are necessary in this direction.
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TABLE III. Surface area values of modified and non-modified
microcantilevers.
Typea STotal (lm2) STotal;1 (lm2) STotal;2 (lm2)
A-1 4190 3550 4291
A(m)-1 4227 3710 4010
A-2 3956 3710 4841
A(m)-2 4079 4190 4432
A-3 4266 3050 3802
A(m)-3 4328 3170 3706
B-1 2700 2750 2876
B(m)-1 2724 2650 2931
B-2 2610 1930 2551
B(m)-2 2691 2950 2567
B-3 2852 1900 2498
B(m)-3 2893 2120 2434
a(m) denotes modified cantilever.
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